Abstract: Fatty acid methyl esters (FAME), which are presently the main component of biodiesel fuels, undergo relatively fast oxidation processes. This behavior prevents long term storage of this fuel. From laboratory practices, it transpires that even after a very short period of storage, the oxidative stability of the biodiesel exceeds the values required by European regulations. Therefore, the goal of this work was to devise a parameter (marker) allowing for fast and convenient identification of the chemical stability of biodiesel. Moreover, we were aiming to devise a marker which can also be used for the evaluation of the chemical stability of other hydrocarbon fuels containing biocomponents. To this end, in the presented study, selected biodiesel samples were subjected to controlled aging processes in laboratory conditions at 95 • C and oxygen flow according to the norm. Then, physico-chemical parameters were selected that are critical from the point of view of the fuel practical application. Those included density, refractive index, oxidative stability and resistance to oxidation. The appropriate physico-chemical properties were measured before and after an aging process conducted for various times. Simultaneously, electrochemical impedance spectroscopy (EIS) studies were performed for all the studied samples yielding the electrical parameters of the sample, including resistance, relaxation time and capacitance. Subsequently, a correlation between the results of the EIS studies and the selected critical parameters has been established. The obtained results indicate that the resistance, relaxation time and capacitance of the studied biodiesel fuel increase with aging time. This indicates the formation of long chain compounds with increased polarity. Interestingly, the electrical parameter changes are faster at the early stages of the aging process. This suggests a change of the oxidation mechanism during prolonged aging. The devised methodology of impedimetric biodiesel testing can be proposed as a fast and inexpensive method of fuel chemical stability evaluation, allowing for estimating the useful storage time of biodiesel in real conditions.
Introduction
Aging changes in conventional liquid fuels occurring during their storage (especially prolonged storage) in depots are well known. The evaluation of changes occurring in the fuels becomes more and more important as use of liquid fuels systematically increase. This also means that the amount of fuel stored for longer periods of time increases as well. Independently, the obligation of fulfilling National Reference Goals requires the addition of biocomponents to conventional fuels. In the case of biodiesel, methyl (or ethyl) esters from fatty acids of plant origin or their mixtures at concentrations from 7% (v:v) are routinely added. In general, biofuels are produced from a variety of plant oils or
Equipment and Methods
There are important differences in the chemical structure of fatty acid methyl esters (FAME) in comparison with the hydrocarbon components of diesel fuels, as well as differences in the aging processes of both components. For that reason, in the present work, EIS measurements were used for samples of biodiesel fuel containing the minimal amount of FAME required by law, i.e., 7% (v:v) . Therefore, samples of the commercial biodiesel fuel with a known concentration of FAME of 6.6% (v:v) designated ST ON 7 were used. The physico-chemical parameters of the samples were measured according to the European norm EN 590:2013.
In order to measure changes in the selected parameters occurring during oxidation, an accelerated aging of the fuel samples was performed.
The oxidation process was performed at 95 • C at an oxygen flow rate of 3 L/h. The diesel fuel samples of 400 cm 3 each were aged for 66 h by using the apparatus described in the EN ISO 12205 norm (briefly, glass sample tubes equipped with a condenser and oxygen supplying tube (Figure 1) ). During the aging process, samples were acquired at given time intervals of 0 h, 3 h, 6 h, 48 h and 66 h. The maximal aging time of the samples was selected on the basis of estimated oxidation stability of the product. On the basis of the literature search and the results of previous research projects performed with the Automotive Industry Institute key parameters, which are important for assuring the quality of fuels during their storage, distribution and exploitation, were selected. Subsequently, selected physico-chemical parameters as well as impedance spectra of the aged fuel samples were measured. A sample before aging, i.e., the sample acquired at time 0 h, has been used as a control.
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The oxidation process was performed at 95 °C at an oxygen flow rate of 3 L/h. The diesel fuel samples of 400 cm 3 each were aged for 66 h by using the apparatus described in the EN ISO 12205 norm (briefly, glass sample tubes equipped with a condenser and oxygen supplying tube (Figure 1) ). During the aging process, samples were acquired at given time intervals of 0 h, 3 h, 6 h, 48 h and 66 h. The maximal aging time of the samples was selected on the basis of estimated oxidation stability of the product. On the basis of the literature search and the results of previous research projects performed with the Automotive Industry Institute key parameters, which are important for assuring the quality of fuels during their storage, distribution and exploitation, were selected. Subsequently, selected physico-chemical parameters as well as impedance spectra of the aged fuel samples were measured. A sample before aging, i.e., the sample acquired at time 0 h, has been used as a control. Glass cell used for oxidation of diesel fuels containing fatty acid methyl esters (FAME).
Studies of the Selected Physico-Chemical Parameters of the Aged Diesel Fuel
Samples of the biodiesel aged using the same parameters were acquired at given times 0 h, 3 h, 6 h, 48 h and 66 h. Selected physico-chemical parameters of the samples were then measured. The refractive index of the sample at 20 °C was measured using a Abbemat 380 refractometer (Anton Parr, Great Britain) and its density at 15 °C was measured using a DMA 4500M densitometer (Anton Paar, Great Britain) according to the EN ISO 12185 norm. Oxidative stability was measured by using a method of fast oxidation on a small scale ("PetroOXY") according to the EN 16091 norm. Finally, the resistance to oxidation has been measured by the "Rancimat" method according to the EN 15751 standard. A sample before aging, i.e., the sample acquired at time 0 h, has been used as a control. The results of the measurements are described later in this work. Glass cell used for oxidation of diesel fuels containing fatty acid methyl esters (FAME).
Samples of the biodiesel aged using the same parameters were acquired at given times 0 h, 3 h, 6 h, 48 h and 66 h. Selected physico-chemical parameters of the samples were then measured. The refractive index of the sample at 20 • C was measured using a Abbemat 380 refractometer (Anton Parr, Great Britain) and its density at 15 • C was measured using a DMA 4500M densitometer (Anton Paar, Great Britain) according to the EN ISO 12185 norm. Oxidative stability was measured by using a method of fast oxidation on a small scale ("PetroOXY") according to the EN 16091 norm. Finally, the resistance to oxidation has been measured by the "Rancimat" method according to the EN 15751 standard. A sample before aging, i.e., the sample acquired at time 0 h, has been used as a control. The results of the measurements are described later in this work. 
Method of Determination of the Biodiesel Aging Stage Using Electrochemical Impedance Spectroscopy Measurements
In order to study the influence of the aging process on the biodiesel sample impedance, 5 mL of the ST ON 7 samples aged for varying lengths of time were placed in the 15 mL cell. Subsequently, a combined two-electrode setup has been placed in the cell. The setup consisted of two platinum electrodes in the form of parallel plates embedded in a glass tube. The area of both electrodes was 0.25 cm 2 . Their distance was 1.5 mm. A schematic design of the measurement setup has been shown in Figure 2 . Then, the electrochemical impedance spectra of the sample was recorded by applying a voltage of 0 V between electrodes and modulating it with a sinusoidal alternating voltage signal with an amplitude of 0.4 V and a frequency in the range of 1 mHz to 3 MHz. The EIS spectra were recorded by using a SP-300 potentiostat (Bio-Logic, France) driven by the EC-Lab version10 software of the same manufacturer.
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The EIS spectra for each sample were then processed and analyzed using the same EC-Lab version 10 software. The recorded spectra were subsequently fitted to the electrical model consisting of a resistor in parallel with a capacitor. This procedure allowed us to obtain the selected electrical parameters of the studied sample, namely, resistance, R, relaxation time, τ and capacitance, C. The obtained results were then correlated with the physico-chemical parameters of the aged biodiesel fuel. 
Results
The recorded impedance spectra of aged biodiesel samples are presented in the form of Nyquist plots, i.e., dependence on the real part of the impedance, Zre, versus the imaginary part of the impedance, Zim (Figure 3) . Spectra recorded for the all studied samples show formation of a depressed semicircle in accordance with the model electrical circuit consisting of a capacitor in parallel with a resistor. The results shown indicate that the resistance of the biodiesel fuel even before aging is very large. This is expected of such a non-conductive medium. Importantly, the spectra of oxidatively aged samples clearly show changes with the aging time. The radius of the observed semicircle increases drastically with the aging time. This indicates that the resistance of the biodiesel sample increases significantly after the oxidation process. As the Nyquist plot does not give direct access to the applied alternate voltage frequency, the measured real part, Zre, and the The EIS spectra for each sample were then processed and analyzed using the same EC-Lab version 10 software. The recorded spectra were subsequently fitted to the electrical model consisting of a resistor in parallel with a capacitor. This procedure allowed us to obtain the selected electrical parameters of the studied sample, namely, resistance, R, relaxation time, τ and capacitance, C. The obtained results were then correlated with the physico-chemical parameters of the aged biodiesel fuel.
The recorded impedance spectra of aged biodiesel samples are presented in the form of Nyquist plots, i.e., dependence on the real part of the impedance, Z re , versus the imaginary part of the impedance, Z im ( Figure 3) . Spectra recorded for the all studied samples show formation of a depressed semicircle in accordance with the model electrical circuit consisting of a capacitor in parallel with a resistor. The results shown indicate that the resistance of the biodiesel fuel even before aging is very large. This is expected of such a non-conductive medium. Importantly, the spectra of oxidatively aged samples clearly show changes with the aging time. The radius of the observed semicircle increases drastically with the aging time. This indicates that the resistance of the biodiesel sample increases significantly after the oxidation process. As the Nyquist plot does not give direct access to the applied alternate voltage frequency, the measured real part, Z re , and the imaginary part, Z im , of the impedance have been presented versus the applied voltage frequency using a semi-logarithmic scale ( Figure 4 ). This allows for drawing conclusions regarding in which applied voltage frequency range the most prominent changes in the impedance take place. In order to analyze the results in more detail, the parameters of the model circuit mentioned above were fitted to the experimental data. The fitting was performed using EC-Lab software. During the fitting, the resistance of the sample, R, and capacitance of the capacitor formed from the liquid between the electrodes, C, have been obtained for each sample aged for different times. Furthermore, the frequency f0 at which the maximum of the Zim is observed for the semicircle in the Nyquist plot ( Figure 3 ) has also been established. The f0 value can be used for the calculation of the relaxation time of the charge carriers, τ, [21] according to Equation (1).
where f0 is frequency at which Zim reaches its maximum value. The obtained parameters are collected in Table 1 . In order to analyze the results in more detail, the parameters of the model circuit mentioned above were fitted to the experimental data. The fitting was performed using EC-Lab software. During the fitting, the resistance of the sample, R, and capacitance of the capacitor formed from the liquid between the electrodes, C, have been obtained for each sample aged for different times. Furthermore, the frequency f 0 at which the maximum of the Z im is observed for the semicircle in the Nyquist plot ( Figure 3 ) has also been established. The f 0 value can be used for the calculation of the relaxation time of the charge carriers, τ, [21] according to Equation (1) .
where f 0 is frequency at which Z im reaches its maximum value. The obtained parameters are collected in Table 1 . In order to better understand the influence of the aging process on the electrical parameters, the correlation of those parameters with other physico-chemical parameters of the samples aged for the same time has been attempted. The physico-chemical parameters of the aged samples of the biodiesel are presented in Table 2 . The shown parameters, which are used for the evaluation of fuel quality, are as follows: amount of precipitate determining oxidative stability ("PetroOXY"), oxidation resistance determined by the "Rancimat" method, refractive index at 20 • C, and density at 15 • C. Dependences of both electrical and standard physico-chemical parameters on the aging time of the sample are summarized in Figures 5 and 6. 
Discussion
As it has been shown in Figures 3 and 4 that the values of the impedance of biodiesel fuel before the aging process (i.e., from the measurement time 0 h) are in the order of gigaohms, which indicate a very high electrical resistance of the studied liquid. Those values are in accordance with the expected values for viscous and non-polar liquids such as typical diesel fuel with mostly hydrocarbon components. Similar impedance values of gigaohms and even teraohms are observed for biodiesel fuels and their mixtures [16] . In this work, impedance was used to study the influence of known biocomponents on diesel oil parameters. During an accelerated aging process, an increase of both the real and imaginary part of the impedance is observed as a function of the aging time ( Figure 5 ). This leads to an observed increase of the diameter of the semicircle on the Nyquist plot ( Figure 3 ). For longer aging times, the diameter of the semicircle increases so much that a plateau is almost observed in the used voltage frequency range. In order to gain more information on the studied system, the spectrum of the electrical equivalent circuit has been fitted to the experimental data. That way, the values of sample resistance, R, capacitance, C, and time constant, τ, were obtained. The dependence of those parameters on the fuel aging time is presented in Figure 5 and Table 1 . The value of R increases drastically from 43.3 GΩ for non-aged biodiesel fuel to 125.6 GΩ for the fuel aged for 66 h. In the same time, the value of C obtained for the non-aged reference sample is very small and reaches 0.1127 nF. This indicates a small amount of charge carriers in the studied sample [21] , which is in accordance with its character. During aging, capacitance increases, reaching a value of 0.1155 nF after 48 h of aging (Figure 3b) . During further aging of the biodiesel, a small decrease of C to 0.1151 nF after 66 h is observed. These observed changes suggest that during aging, more polar compounds are formed, leading to an increase of the sample's electric permittivity and therefore observed capacitance. Constant or slowly decreasing C values after prolonged aging suggest the formation of saturated hydrocarbons with longer chains exhibiting lower dipole moments. This would in consequence lead to a decrease of electric permittivity of the sample. In the Figure 6 , the dependence of the established physico-chemical indicators of fuel quality on the aging time is shown. It is clear that changes in the oxidative stability ("PetroOXY") and oxidation resistance ("Rancimat") (Figure 6a ), as well as density at 15°C and refractive index at 20 °C ( Figure  6b ) depend quite linearly on aging time in the whole studied time scale. However, a faster change of all these indicators is also observed below approximately 8 h of aging time. Interestingly, this correlates with fast changes in the impedance-derived indicators in the same time scale. One can hypothesize that the mechanism of aging changes after approximately 8 h with different processes playing main roles at different aging times.
In the next step of the analysis, the correlation of the parameters obtained from impedance measurements with established physico-chemical indicators of fuel quality has been analyzed. The correlation results are presented in Figures 7 and 8 . It is clear that dependence of Zre and Zim on oxidation stability ("PetroOXY") of the studied samples is similar. With the increase of the biodiesel oxidation stability, these parameters increase linearly up to an oxidation stability of approximately. 70 min. Above this value, these parameters increase much faster (Figure 7a ). On the other hand, the R values decrease slowly up to an oxidation stability of approximately 70 min, and then decrease much faster. Similar behavior is observed for the discussed electric parameters with oxidation resistance measured by the "Rancimat" method as shown in Figure 7b . In this case, the increase in The relaxation time of the charge carriers determined from the impedance measurements also changes during biodiesel aging (Figure 5b ). The value of τ observed for non-aged samples is quite long, reaching almost 5 s. This value increases during aging, reaching almost 16 s after 48 h. After further aging, the τ value remains practically constant. This suggests either increased viscosity or a decrease of polarity during the process. This result corroborates the conclusion that long chain compounds with lower polarity are formed at some point during the aging process.
The Nyquist plot does not explicitly contain the dependence of the impedance on the frequency of the applied alternating voltage. Therefore, in Figure 4 , the dependence of the real, Z re , and imaginary, Z im , parts of the impedance on the logarithm of the applied alternating voltage frequency is shown. The obtained results indicate that changes in the biodiesel sample impedance are observed predominantly at low frequencies below 10 Hz. At higher frequencies, small changes in the impedance with aging of the sample are also observed. However, they are relatively small and difficult to interpret. The measurements of the impedance at constant frequency are faster than measurements of the full spectrum. Therefore, analysis of the dependence of the real, Z re , and imaginary, Z im , parts of the impedance at constant frequencies of 30 mHz and 15 mHz, respectively, on the aging time has also been performed. The measured values of Z re and Z im for different aging times of the sample are given in Table 1 and in Figure 5a . The value of both Z re and Z im decreases significantly with the aging time of the sample. This decrease is non-linear with a more pronounced decrease at lower aging times.
After approximately 8 h of aging, the changes are much slower. Interestingly, the decrease of Z im is much more pronounced than that of Z re .
In the Figure 6 , the dependence of the established physico-chemical indicators of fuel quality on the aging time is shown. It is clear that changes in the oxidative stability ("PetroOXY") and oxidation resistance ("Rancimat") (Figure 6a) , as well as density at 15 • C and refractive index at 20 • C (Figure 6b ) depend quite linearly on aging time in the whole studied time scale. However, a faster change of all these indicators is also observed below approximately 8 h of aging time. Interestingly, this correlates with fast changes in the impedance-derived indicators in the same time scale. One can hypothesize that the mechanism of aging changes after approximately 8 h with different processes playing main roles at different aging times.
In the next step of the analysis, the correlation of the parameters obtained from impedance measurements with established physico-chemical indicators of fuel quality has been analyzed. The correlation results are presented in Figures 7 and 8 . It is clear that dependence of Z re and Z im on oxidation stability ("PetroOXY") of the studied samples is similar. With the increase of the biodiesel oxidation stability, these parameters increase linearly up to an oxidation stability of approximately 70 min. Above this value, these parameters increase much faster (Figure 7a ). On the other hand, the R values decrease slowly up to an oxidation stability of approximately 70 min, and then decrease much faster. Similar behavior is observed for the discussed electric parameters with oxidation resistance measured by the "Rancimat" method as shown in Figure 7b . In this case, the increase in Z re and Z im values is accelerated above a certain value (around 41 h this time), while the R value decrease is also accelerated above this value of oxidation resistance. Zre and Zim values is accelerated above a certain value (around 41 h this time), while the R value decrease is also accelerated above this value of oxidation resistance. Interestingly, the discussed dependence of the R, Zre, and Zim parameters on the refractive index at 20 °C (Figure 7c ) and density at 15 °C (Figure 7d ) of the studied ST ON 7 samples exhibits similar behavior. That means one can discern two parts of the plot with different slopes below and above a certain value of the refractive index and density. The Zre and Zim values decrease this time with both refractive index and density, while R values increase with an increase of those parameters. All these observations point out that the electrical parameters of the studied biodiesel are much more sensitive to the changes in biofuel occurring at the early stages of the aging process than established physico-chemical indicators. Both C and  values change non-linearly with density and refractive index changes of the sample (Figure 8a and 8b ). Both parameters increase relatively fast with an increase of density of the refractive index of the sample, after which they practically reach plateau. Interestingly, the observed effects are not connected with increased water content in the sample during the aging process. Taking into account the oxidative nature of the accelerated aging, one could expect the formation of small quantities of water during the process. However, control experiments performed on the non-aged samples containing a known water concentration (not shown) showed the opposite behavior of the recorded Nyquist plot. This means that the diameter of the semicircle observed in the Nyquist plot decreased with increased water content in the sample.
The performed measurements indicate that parameters derived from the impedance spectra, that is, Zre, Zim, R, C and , change with aging time of the FAME-containing biodiesel. Therefore, they can be used as indicators, allowing estimation of the changes in biofuel parameters and quality during its storage. Importantly, the electrical parameters of the biofuel changes are much more pronounced at the early stages of aging, which allows for early detection of such changes in fuel quality. It is known form the literature that oxidative stability ("PetroOXY") is an especially convenient indicator, allowing for the estimation of biodiesel usefulness. In this work, it has been shown that on the basis of the changes of impedance spectra or changes of selected values of the impedance measured at constant frequency, one can predict the oxidative stability of biodiesel.
Conclusions
It has been shown that the impedance spectra of the studied biodiesel samples containing FAME show important changes during accelerated aging processes. Electrical resistance of the studied biodiesel fuel significantly increases with aging time, and the measured capacitance and relaxation time also increase. These findings indicate the formation of long chain compounds with increased polarity. It is interesting to note that the studied electrical parameter changes are faster at Interestingly, the discussed dependence of the R, Z re , and Z im parameters on the refractive index at 20 • C (Figure 7c ) and density at 15 • C (Figure 7d ) of the studied ST ON 7 samples exhibits similar behavior. That means one can discern two parts of the plot with different slopes below and above a certain value of the refractive index and density. The Z re and Z im values decrease this time with both refractive index and density, while R values increase with an increase of those parameters. All these observations point out that the electrical parameters of the studied biodiesel are much more sensitive to the changes in biofuel occurring at the early stages of the aging process than established physico-chemical indicators.
Interestingly, dependence is observed for the C and τ parameters, established from the impedance measurements, on the oxidation stability ("PetroOXY") and oxidation resistance ("Rancimat") of the studied ST ON 7 samples (Figure 8a,b) . Both parameters do not depend strongly on the oxidation stability and oxidation resistance values for lower values of those parameters, but above some critical value, they decrease sharply. As the oxidation stability and oxidation resistance of the biodiesel decrease during aging (Figure 6b) , the observed dependence of C and τ suggests the formation of more polar oxidation products leading to an increase of C. Simultaneously, the formed products are more viscous, leading to an increase of τ. In the later aging stages, these changes are much less pronounced. This suggests the formation of long chain products which do not change their polarity and viscosity much.
Both C and τ values change non-linearly with density and refractive index changes of the sample (Figure 8a,b) . Both parameters increase relatively fast with an increase of density of the refractive index of the sample, after which they practically reach plateau.
Interestingly, the observed effects are not connected with increased water content in the sample during the aging process. Taking into account the oxidative nature of the accelerated aging, one could expect the formation of small quantities of water during the process. However, control experiments performed on the non-aged samples containing a known water concentration (not shown) showed the opposite behavior of the recorded Nyquist plot. This means that the diameter of the semicircle observed in the Nyquist plot decreased with increased water content in the sample.
The performed measurements indicate that parameters derived from the impedance spectra, that is, Z re , Z im , R, C and τ, change with aging time of the FAME-containing biodiesel. Therefore, they can be used as indicators, allowing estimation of the changes in biofuel parameters and quality during its storage. Importantly, the electrical parameters of the biofuel changes are much more pronounced at the early stages of aging, which allows for early detection of such changes in fuel quality. It is known form the literature that oxidative stability ("PetroOXY") is an especially convenient indicator, allowing for the estimation of biodiesel usefulness. In this work, it has been shown that on the basis of the changes of impedance spectra or changes of selected values of the impedance measured at constant frequency, one can predict the oxidative stability of biodiesel.
It has been shown that the impedance spectra of the studied biodiesel samples containing FAME show important changes during accelerated aging processes. Electrical resistance of the studied biodiesel fuel significantly increases with aging time, and the measured capacitance and relaxation time also increase. These findings indicate the formation of long chain compounds with increased polarity. It is interesting to note that the studied electrical parameter changes are faster at the early stages of the aging process than at the later stages. This suggests a change of the oxidation mechanism during prolonged aging. It is noteworthy that the changes in density, refractive index, oxidative stability and resistance to oxidation with aging also show slightly faster changes at aging times below 10 h. However, the effect is much less pronounced in comparison to what is observed in the case of electrical parameters. It would be, therefore, interesting to study the early stages of oxidation in more detail. Funding: This research received no external funding.
